The objective of this study was to develop guidelines for rainwater harvesting system sizing of shopping centres in South Africa. Three generalized dimensionless relationships relating rainwater supply and demand to tank size, yield and reliability were developed based on 101 years long daily time step simulations of rainwater harvesting of 19 shopping centres located in four regions. Daily rainfalls were obtained from nearby rainfall stations and daily non-potable demands were based on the size of the retail area. The simulations revealed within-year storage behaviour with considerable variation of the yield specified as the number of days for which demand was met each year. The Weibull plotting position formula was applied on the time series of yields to obtain yield-reliability relationships. Simulation results of the hydrologically optimum systems were used to develop two of the generalized relationships and an additional one based on the dependence of the slope of the reliability -yield plots on the optimum yield was formulated to enable analysis of hydrologically non-optimal systems. Most of the relationships fitted best to the non-linear power law form with high correlation coefficients averaging 0.92 and ranging from 0.82 to 1.00. The application of the models for tank sizing and assessing system performance is demonstrated.
Introduction
Globally, available water resources are being outstripped by the escalating water demand which is growing at an unprecedented rate [1] and future economic growth and development will consequently be constrained [2] . Pinzon [3] has highlighted the growing evidence of water scarcity worldwide and the need for cooperation and integration to ensure sustainable, efficient and equitable water resources management. With the large population growth in urban areas and changing water use habits, there is an ever-increasing demand for water in urban areas [4] and it is probable that rain water harvesting could help to alleviate this strain on current resources. Rainwater harvesting is relatively cheaper and simpler to install, operate and maintain and is more environmentally friendly than many other water resource developments. Although rainwater has been found to not always not meet drinking water standards [5, 6, 7, 8, 9] , the quality of rainwater is usually superior to surface water (from rivers, dams or lakes) and groundwater that may have been subjected to contamination [10] . Sazakli et al. [11] report that rainwater from rooftops generally meets international drinking water quality standards.
South Africa is a water-scarce country with a mean annual precipitation (MAP) of 465 mm which is unevenly distributed in space and time. Rainwater harvesting use in South Africa is low [4, 12, 13, 14] and its potential as a water source therefore needs to be comprehensively assessed. Rainwater harvesting is likely to have more potential in situations where large areas of rain water collection are available. Ndiritu et al. [15] analyzed the rainwater harvesting potential of 32 schools in South Africa and found that in every year, between 42 and 132 days of the daily school supply could be provided at a reliability of 90%. Shopping centres generally have large roof areas and could therefore also have significant rain water harvesting potential. According to Prinsloo [16] there are 1785 shopping centres larger than 2000 m² in area in South Africa and the number is expected to increase in the future. Although some shopping centres have installed rain water harvesting systems this is not widespread. This study evaluates the rainwater harvesting potential of selected shopping centres in different regions of South Africa and uses the results of this assessment to develop generalized guidelines for sizing and evaluating the performance of rainwater harvesting systems.
Selection of Malls and Data Acquisition
Rainfall distribution in South Africa exhibits high spatial variability and the selection of shopping centres was done bearing this in mind. The aim was however not exhaustive coverage of all rainfall zones within the country and the following four regions were considered as reasonably representative and were selected for analysis; Kwa Zulu Natal, Gauteng, Limpopo and Western Cape. Prinsloo [17] classified shopping centres according to their floor area as; Neighbourhood centres (5000 -12000 m 2 ), Community centres (12000 -30000 m 2 ), Large community/small regional centres (30000 -50000m 2 ), Regional centres (50000 -100000 m 2 ) or Super regional centres (>100 000 m 2 ). It was decided to select one shopping centre from each category and region so as to assess rainwater harvesting system across the range of sizes of shopping centres. Selecting 5 shopping centre categories in 4 regions would have provided 20 shopping centres but no super regional centre could be identified in the Limpopo region and a total of 19 shopping centres were therefore selected for analysis.
The rainfall database developed by Lynch [18] was used to find the rain gauge station with a long and reliable daily rainfall record closest to each shopping centre. All the selected rainfall stations had 101 years of daily rainfall data for the period 1900 -2000 some of which had been patched in the development of the database. Table 1 shows the shopping centres selected for analysis, the respective rain gauge stations and the distances from the shopping centres to the rain gauge stations. No information on demand was availed by the shopping centres and CSIR [19] proposed a demand of 4 m 3 /m 2 of floor area/year for South Africa. A study on 40 shopping centres of varying sizes in Western Australia [20] obtained highest demands of 2.828, 3.141, 1.347, and 1.383 m 3 /m 2 /per year for neighbourhood centres, large community/small regional centres, regional centres, and super regional centres respectively. Since these demands were based on detailed field measurements and the characteristics that determine demand in Western Australia malls are not likely to be substantially different to those in South Africa, they were adopted for analysis in this study. For community centres, the average overall demand of 2.18 m 3 /m 2 /per year obtained by Saunders [20] was adopted. 
Simulation Analysis
The rainwater harvesting potential of shopping centres was assessed by daily simulation of system behaviour for a specified storage capacity assuming the tank was initially empty. McMahon and Adeloye [21] highlight the advantages of this approach for storage-yield analysis and the method has been applied for rainwater harvesting analysis in several studies [15, 22, 23, 24, 25] . From the simulation, a time series of the daily levels of water supply was obtained and used to assess system performance. Figure 1 illustrates the simulation and equations 1 to 4 describe the mass balance computations applied. The yield-after-spillage approach was applied as it is more realistic since typically, demand spreads over a larger period of the day than rainfall and spillage and the tank is therefore unlikely to be full (rather than filled to capacity) at the start of the day. This approach obtains slightly lower yields than yield-before-spillage approach and has been applied in other studies [26, 27] . A water collection efficiency (η) of 80% determined from field experiments in South Africa [28] and also applied in other studies [15, 29, 30 ] was adopted. As equation 3 informs, complete supply of the demand was assumed as long as water was available in storage. This was considered realistic as water would be obtained from the municipal supply once the rainwater harvesting storage was exhausted and hedging was therefore not incorporated.
Several methods can be applied to quantify various aspects of hydrologic performance [31] and the selection here was guided by the need for the measure to be widely understandable and to easily lend itself to the assessment of reliability. Trial simulation runs indicated that the rainwater harvesting systems could not meet the total water demand for most of the shopping centres and it was decided to assess their ability to supply the non-potable demand as this typically requires minimal treatment. For the 40 shopping centres analyzed by Saunders [20] an average of 45% of the total demand was for non-potable use (cooling towers for air conditioning, toilets, urinals and cleaning) and this proportion was adopted. The trial simulations runs also revealed that the rainwater harvesting systems mainly exhibited within-year storage behaviour ( Figure 2 ) with the storage emptying in all (or most) of the years for some days in during the dry season. An exception to this was found for 3 of the malls in the Kwa Zulu Natal region (Gateway, Liberty and Phoenix) where the average available water supply exceeded average demand. Over-year storage behaviour with large storage carryover across years ( Figure 3 ) was observed in these cases and it was found possible to meet the demand throughout the simulation periods if very large storages were installed (e.g. 900000 m 3 for Gateway shopping centre). A reliability-based analysis approach for multi-year storage requires the use of a large number simulations using stochastically generated hydro-climatic data and stochastic over-year storage systems analysis methods are reasonably well developed and widely applied in South Africa [32, 33, 34] . It was therefore considered appropriate to confine the current analysis to within-year storage behaviour and this was accomplished by reducing the effective roof areas for the 3 centres in Kwa Zulu Natal to obtain supply to demand ratios less than unity. With all the systems now exhibiting within-year storage behaviour, a single simulation run of 101 years was considered to provide 101 independent within-year yields and these were regarded as adequate for a realistic assessment of reliability of yield. Several studies have applied the proportion of demand met in the complete simulation period (volumetric reliability) as the measure of performance [26, 27, 35] but this measure does not inform about the variability of performance within the simulation period. For regions that exhibit large inter-annual rainfall variability as South Africa, it is imperative to incorporate this variability for realistic system sizing and performance assessment.
The expected number of days that the release from the tank would meet the demand in each year was considered to be widely understandable and was adopted as the measure of system performance. For each year of the simulation, the number of days that the release Re(t) equaled the demand D(t) was obtained and the Weibull plotting position formula was then applied on the time series of the number of days of supply to determine the expected number of days of supply for specified reliabilities. This was done by ranking the number of days of supply from the highest to the lowest and specifying the probability p that the system will supply the number of days ranked m as p = m/(n+1) where n is total number of years of simulation. This model was formulated by Weibull [36] and more recently proposed as more valid than other plotting position formulae [37] . The use of alternative plotting position formulae as proposed by Cunnane [38] in the current analysis did not result in any significant differences in computed reliabilities. The simulations were carried out for increasing tank sizes until the yield levelled off to the highest value at a given reliability for the given roof area and rainfall input. The minimum tank sizes that achieved the highest yield were considered as hydrologically optimum for the specific reliability. Probabilistic water resource systems analysis in South Africa typically applies reliabilities in the range 90 -99% [32] and this study applied a slightly higher range of 85% to 99%.
where S(t), Sr(t) and Ss(t) is the volume of water in storage in period t at the start of the day, at end of the rainfall event and at the end of spillage respectively, C is the live storage capacity of the tank, Re(t) is the volume of water released to meet the demand in period t, D(t) is the volume of water demanded in period t, η is the water collection efficiency, A is the vertical projection of the effective roof area, and R(t) is the rainfall intensity in period t. 
Results of Simulation
Yield-reliability curves for a range of tank sizes up to and exceeding the optimum tank size were plotted for each shopping centre. Figure 4 presents this plot for one of the 19 centres and shows that for this centre, tank sizes of 6800m 3 and 8000m 3 gave identical yield-reliability plots. Plots of tank size versus yield (the expected number of days of supply) for various reliabilities as illustrated in Figure  5 for one shopping centre helped identify the optimal tank sizes more easily. Figure 5 shows that for Sandton city mall, the optimal tank sizes at 99, 98 and 95% reliability were 1600, 2000 and 5600 m 3 respectively, while a size of 6800 m 3 is optimal at 90 and 85% reliability.
At reliabilities of 85, 90, 95, 98 and 99 %, the optimal tank size, the associated expected yield were determined. Since the yield (expected number of days of supply per year) obtained at the optimal tank size (storage) can only be increased by reducing the reliability, the three values (yield, reliability and storage) therefore made the hydrologically optimum combination for the specific supply to demand ratio applying to the shopping centre. Table 2 presents the results of the hydrologically optimum combinations for the 19 shopping centres. This Table reveals that rainwater harvesting could be a viable source of water for some but not all the shopping centres. 
Formulating Generalized Storage-Yield-Reliability Relationships
Although the study was confined to 19 shopping centres located in 4 regions of South Africa, it was probable that the results from this analysis could be used to formulate generalized relationships for quantifying the rainwater harvesting potential and optimum tank sizes for other shopping centres and other rainwater harvesting systems of similar characteristics. Results from simulation of rainwater harvesting systems have previously been used to generalize rainwater harvesting system sizing and assessment [26, 27, 35] although these studies did not include within-year-system performance and reliability as in the current analysis. A study of the rainwater harvesting potential of schools in three regions of South Africa [15] obtained generalized relationships between the supply to demand ratio and proportion of time that the supply meets demand and this would also be expected to exist for shopping centre systems. Additionally, the tank size to demand ratio would intuitively be expected to relate with the proportion of time that supply meets demand. Generalization would be more effective if all the variables involved are expressed as dimensionless ratios and relationships among the variables defined by equations 5 to 7 were therefore sought after. 
Where η is the efficiency of rainwater collection into the tank, A is the vertical projection of the roof area, is the average daily rainfall, is the average daily demand, and r (in SP-r and RTD-r) is the reliability of supply. The non-linear power law model was found to fit the relationships between RSD and SP-r best at the 5 reliabilities of 85, 90, 95 98 and 99% as shown on Figure 6 . Generalization that would include reliability within the power models was now sought by finding out if satisfactory relationships existed between the parameters of the power models and reliability. Figure 7 shows the relationships between these parameters and reliability revealing well-fitting power law models. Figures 8 and 9 show the respective relationships between and SP-r and RTD-r and the parameters of the power model with reliability. The correlations between SP-r and RTD-r were lower than those between RSD and SP-r but they were still considered satisfactory. The generalized model of the rainwater harvesting system could therefore be summarized as:
These equations and their graphical form on Figure 10 can be used to size hydrologically optimum rainwater harvesting systems and to assess existing ones if they are hydrologically optimum. In reality, this may not always be the case as other factors including economics or sizes of commercially available tanks influence system sizing. Furthermore, even if an optimal system was initially installed, changes in demand or/and supply available (e.g. due to climate change or rainwater collection area) would render it non-optimal. There was therefore the need to formulate generalization that would enable sizing and assessment of hydrologically non-optimal systems. For the range of reliabilities applied (85 -99%), a reasonably linear relationship between reliability and proportion of year supplied (yield) was found to exist for a given storage as illustrated on Figure 11 for one of the shopping centres. If a generalized relationship between the slope of this line (SLR in Figure 11 ) and any of the dimensionless ratios defined in equations 5 to 7 could be obtained, then the relationship between yield and reliability within the non-optimal space could be generalized. This is illustrated on Figure 12 for a target reliability rt and proportion of supply Sp-rt. It was observed that the slopes SLR generally increased with yield Sp-r and generalized relationships between these two variables were therefore sought. Slopes SLR were therefore obtained for four ranges of reliability: 85-90, 85-95, 85-98 and 85-99% for the simulation runs of all 19 shopping centres using least squares fitting. Model fits between SLR and Sp-r were then investigated on spreadsheet. Figure 13 shows the best fitting power law models between the slope SLR and the optimal yield (proportion of year supplied) Sp-r for the four ranges of reliability while Figure 14 shows the relationships obtained between the parameters of the power law model and the upper limit of the reliability ranges (which is the reliability at the hydrologic optimum). As for the previous generalized relationships, reasonably good fits were obtained. Equations 10 and 11 define this model and combined application of this model with the other two (equations 8 and 9) enables the sizing and assessment of rainwater harvesting system performance for both hydrologically optimal and nonoptimal rainwater harvesting systems. An example problem now illustrates how this could be done. 
Example-Applying Generalized Models to determine Storage and assess System Performance
A shopping centre with a retail area of 50000 m 2 is proposed for an area with a mean annual rainfall (MAR) of 940 mm/year and the total rainfall collection area that includes the out-door parking will be 100000m 2 and will have a rainwater collection efficiency of 80%. The demand is estimated as 2.5m 3 /m 2 of retail area/year. What would be the expected number of days of supply for the shopping centre at a reliability of 98%? What size of tank would be required for this? It is projected that climate change could reduce the MAR in the area to 700 mm/year and increase the average demand to 2.8m 3 /m 2 /year as air conditioning water demand increases with temperature. How would this impact on the performance of the rainwater harvesting system? For the current conditions, the ratio of average supply available to average demand The required size of tank is therefore = 0.0548 × (2.5 × ⁄ ⁄ 50000 ) = 6847 .
If due to climate change the MAR reduces to 700 mm/year and the demand increases to 2.8m 3 /m 2 /year, the new ratio of average available supply to demand
The tank size of 6847m 3 that was optimal for RSD = 0.6 at 98% reliability is now optimal at a different reliability (and not 98%) since the RSD value has changed. In order to use equation 8 to determine the expected proportion of supply per year, the reliability for which the tank volume of 6847m 3 is optimal for RSD = 0.40 is required. Since RTD-r can be obtained for the new conditions, RSD is known, and Sp-r needs to equal in equations 8 and 9, the optimal reliability r and Sp-r for the climate change scenario can be obtained simultaneously using the two equations (8 and 9) . For this scenario, This expected yield is lower than that for the current climate which was found to be 111 days per year at a reliability of 98%. A more complete assessment of the effect climate change would be achieved by comparing the expected yields for the complete range of probabilities (85 -99%). This is achieved by using equations 10 and 11 for the hydrologically non-optimal ranges that the rainwater harvesting system could be operated at. For the normal climate, the slope SLR at 98% reliability is obtained as 0.632 using equation 10 Figure 15 shows the respective plots of reliability versus proportion of supply for the two cases. 
Discussion and Conclusions
Generalized dimensionless relationships for sizing and assessing the performance of rainwater harvesting systems of shopping centres in South Africa have been developed using the results of daily-time step simulations of the rainwater harvesting systems of 19 shopping centres. One generalized relationship is between the ratio of supply to demand, the yield and the reliability while another is between the ratio of optimal tank size to annual demand, the yield and reliability. These two relationships are based on simulation results for the hydrologically optimum combination of yield, reliability and storage. This optimum combination is obtained by finding out the minimum storage (tank size) at which yield levels to its highest value for the specified reliability. Rainwater harvesting systems may however not necessarily be designed to be hydrologically optimum as there are several other factors including economic considerations, set roof areas for rainwater collection and the commercially available tank sizes that are relevant to rainwater harvesting system design. An additional generalization between the slope of the reliability-yield relationship and the yield (for a hydrologically optimal system) is therefore developed to enable sizing and assessment of system performance of hydrologically non-optimal systems. The generalization is carried out at two levels; firstly by obtaining relationships of the variables at reliabilities of 85, 90, 95, 98 and 99% ( Figures 6, 8  and 13 ) and secondly by obtaining relationships between the parameters of these models and reliability ( Figures 7, 9 and 14) . All the first level generalizations and five of these second level ones fit best to power law models while one second level generalization fits best to a linear model. All the model fits have high correlation coefficients that exceed 0.8 and average 0.92. An example is provided to demonstrate the application of the generalized relationships for tank sizing and for assessing the effect of a reduction in average supply available and increase in demand (that for example climate change might cause) on rainwater harvesting system performance.
In comparison to previous studies that included generalization of rainwater harvesting system sizing [26, 27, 35] , the current analysis incorporates within-year yield and reliabilities comprehensively and is applicable to regions that have low rainfalls with large temporal variability. Rainwater harvesting systems in such regions are more likely to exhibit within-year rather than overyear storage behavior and within-year yield is also likely to be temporally highly variable. Initial analysis of the rainwater harvesting potential in the current study revealed that using very large storages could enable over-year storage behavior for three of the centres in the high rainfall Kwa Zulu Natal region of South Africa. For such systems reliability could be assessed comprehensively using monthly time step multiple systems simulations with ensembles of stochastic rainfalls (and not a single historic series) as inputs. Ndiritu and Nyaga [39] have formulated a stochastic rainfall model could be applied for this.
Although these centres used in the analysis are located in four specific regions of South Africa (Gauteng, Kwa Zulu Natal, Cape Town and Limpopo), the satisfactory generalization reveals that any distinct rainfall characteristics that might exist in any region do not significantly affect the dimensionless relationships obtained. These relationships are therefore most likely applicable to other regions of South Africa and probably beyond. Satisfactory model fits were obtained but the relationships are moderately scattered and additional analysis with a larger number of rainfall stations could enable the generation of confidence intervals for the generalized models. In addition, the influence of the distribution of demand on the modelling within the year could also be investigated 
